in VIP (VIP -/-) or lacking expression of functional VPAC 2 receptors (Vipr2 -/-) have diminished and disorganized cellular, electrophysiological, and molecular SCN rhythms as well as abnormal behavioral rhythms (Harmar et al., 2002; Colwell et al., 2003; Cutler et al., 2003; Hughes et al., 2004; Aton et al., 2005; Brown et al., 2005 Brown et al., , 2007 Maywood et al., 2006; . Both VIP -/and Vipr2 -/mice show altered synchronization of wheel-running and metabolic rhythms to environmental light-dark cycles (Harmar et al., 2002; Colwell et al., 2003; Bechtold et al., 2008; , and the SCN of these mice lack the ability to gate responses to photic stimulation (Dragich et al., 2010; Hughes et al., 2004) . Collectively, these studies indicate that without VIP-VPAC 2 signaling, both SCN function and its responses to environmental stimuli are impaired.
Scheduled voluntary exercise (SVE) in a running wheel is arousal promoting and in intact wild-type (WT) rodents such activity acts to reset SCNcontrolled behavioral rhythms (Edgar and Dement, 1991; Marchant and Mistlberger, 1996; Dallmann et al., 2007) . Surprisingly, the effects of SVE on animals in which SCN function has been compromised are unclear. Here, we investigated whether 6 hours of daily SVE in a running wheel could synchronize and stabilize the behavioral rhythms of Vipr2 -/and VIP -/mice.
MATERIALS AND METHODS

Animals
WT (C57BL/6j) mice were obtained from Charles River (Margate, UK). Original breeding stock of Vipr2 -/mice were obtained from Professor A. Harmar (University of Edinburgh, Edinburgh, UK) (Harmar et al., 2002) , and VIP -/mice were acquired from Professor C. S. Colwell (University of California, Los Angeles) (Colwell et al., 2003) . Both genotypes had been backcrossed onto a C57BL/6j background for 8 or more generations and maintained as breeding colonies at the University of Manchester. Animals were bred and group housed under a 12 hour:12 hour light-dark (LD) cycle (where zeitgeber time [ZT] 0 designates lights-on and ZT12 indicates lights-off) at an ambient temperature of 23 ± 1 °C and humidity of approximately 40%. Food and water were available ad libitum throughout the experiment. All animal procedures were performed in accordance with the UK Animals (Scientific Procedures) Act of 1986.
Scheduled Exercise
WT, Vipr2 -/-, and VIP -/mice (8-14 weeks of age at the start of the experiment) were individually housed in cages equipped with a stainless-steel running wheel (diameter, 16 cm) and grid floor to allow animal and food waste to be collected and removed without disturbing the home-cage environment of the mouse (North Kent Plastics, Kent, UK). Both wheelrunning and drinking behavior were monitored throughout the experiment and data recorded in 10-minute time bins by the Chronobiology Kit (Stanford Software Systems, Santa Cruz, CA). Drinking activity was recorded using custom-designed contact drinkometers. Animals were maintained under a 12 hour:12 hour LD cycle (average, 250 lux lights-on) for approximately 14 days, then under constant darkness (DD) for the remainder of the experiment. For the first 14 to 18 days in DD (DD1), mice were allowed to free-run undisturbed. Following this, mice were subject to a regimen of SVE, with wheel-running activity restricted to a 6-hour time block each day by manually locking and unlocking the running wheel; with minimal interference to the mouse, a small stainless-steel rod was inserted through the roof of the cage and between the bars of the running wheel, preventing the wheel from rotating. Wheels were unlocked at 1000 hours each morning and locked at 1600 hours each afternoon, thus defining a 24-hour zeitgeber of SVE. As a control, the running wheels of 2 cohorts of WT and Vipr2 -/mice were "mock-locked" (ML), whereby the locking rod was inserted, then immediately withdrawn each day at the times of wheel locking and unlocking. These SVE and ML regimens were maintained for epochs of either 21 to 26 days (SVE only) or for 50 days (SVE and ML), during which time drinking activity was used to assess behavior. At all stages of the experiment when the running wheel was freely available, the timing of drinking behavior closely matched that of locomotor activity, thus validating the assessment of drinking behavior to report activity. Entrainment was assumed when the onset of drinking activity achieved a stable phase relationship with the onset of wheel availability for at least 5 consecutive days. Latency to synchronization was identified as the time taken for an individual to reach this stable phase relationship from the beginning of the scheduled exercise regimen, while phase angle defined the time difference between the onset of drinking and wheel-running activity under the SVE zeitgeber. Following SVE or ML, mice were again allowed to free-run for 13 to 35 days (DD2).
Behavioral Analysis
Behavioral rhythms were compared at the various stages of the experiment (LD, DD1, SVE, and DD2). Period and rhythm strength (% variance in the rhythm accounted for by the dominant rhythmic component identified in the periodogram) of locomotor activity were calculated in 10-day epochs during DD1 and DD2 using χ 2 periodogram analysis in the Analyze9 software package (Stanford Software Systems, Santa Cruz, CA). Mice were classified as either rhythmic or as expressing multiple, low power periodic components (arrhythmic) in DD1 and DD2 based on actogram and periodogram analysis of locomotor activity (using previously defined criteria , although for mice in this study, we found a rhythm strength of 18% to be an appropriate limit for classification as rhythmic). Throughout the experiment, the period of drinking activity was manually assessed with eye-fit regression lines through the onsets of activity. The duration of the active phase (alpha), phase angle of entrainment, and wheel-running intensity were assessed manually for each animal at various stages of the experiment. Statistical significances were assessed, as appropriate, using 1-way ANOVA with Tukey post hoc test and 3-way ANOVA followed by a priori pairwise comparisons (SYSTAT 10, SPSS, Chicago, IL) (p < 0.05 required for significance). Unless otherwise stated, data are reported as mean ± standard error of the mean (SEM). Where appropriate, the proportions of mice classified into the rhythmic and arrhythmic categories were assessed with χ 2 tests (Prism 5, Graphpad Software Inc., La Jolla, CA) (significance set at p < 0.05).
RESULTS
Wheel-Running and Drinking Activity in WT, Vipr2 -/-, and VIP -/-Mice
Under LD, all 3 genotypes showed similar daynight rhythms, but on release into constant dark (DD1), clear genotype differences emerged in the freerunning behavioral rhythms. WT mice (n = 27) freeran from the onset of behavioral activity seen on the previous day in LD with strong near 24-hour rhythms. Vipr2 -/mice (n = 29) exhibited an approximately 10-hour phase advance in the onset of wheel running on initial release into DD1 and expressed a continuum of temporal patterns in wheel-running activity, ranging from strongly rhythmic individuals, expressing a single, dominant component (~22 hours), to individuals whose activity was comprised of multiple weak components and were considered arrhythmic (n = 13) (Hughes and Piggins, 2008) (Figs. 1D and 2D) . The period of locomotor activity of rhythmic Vipr2 -/mice was significantly shorter than for WT mice, and rhythms were significantly weaker (both p < 0.001). All VIP -/mice (n = 12) exhibited an immediate phase advance in the onset of physical activity (~11 hours) when released into DD1; 5 of these mice subsequently became behaviorally arrhythmic. The remaining 7 rhythmic individuals expressed a short free-running locomotor period with a single, dominant approximately 22-hour component comparable in period and strength to Vipr2 -/mice. Rhythmic VIP -/mice free-ran with significantly shorter and weaker rhythms than WT animals (both p < 0.001). VIP -/alpha during DD1 was significantly shorter than for both WT and Vipr2 -/mice (both p < 0.001). For all genotypes, drinking activity in LD and DD1 closely tracked the wheelrunning rhythm with the intensity of drinking higher throughout alpha than during the rest phase (Figs. 1, 2, and 5). Subsequently, under the daily SVE regimen, potential synchronization was determined by monitoring the onset of daily drinking activity.
Entrainment to 21 to 26 Days of SVE
Following LD and DD1, a cohort of mice from each genotype (n = 18 WT; n = 20 Vipr2 -/-; n = 6 VIP -/-) were subjected to 21 to 26 days of SVE ( 21-26d SVE). We initially observed little effect on the behavioral rhythms of WT mice (n = 18), with the circadian rhythm in drinking activity of these animals freerunning through the period of wheel availability ( Fig. 1A ). However, after approximately 12 days, when the 6-hour window of wheel availability coincided with the animals' late subjective night (circadian time [CT] 20-24, where CT12 = the onset of the drinking rhythm), the rhythm in drinking activity began to lengthen ( Fig. 1A ). During SVE, drinking rhythms in all WT mice lengthened toward 24 hours (mean eye-fit period for days 10-20 of SVE = 23.72 ± 0.03 hours) (Table 1) . By the end of 21-26d SVE, the onset of WT drinking activity occurred approximately 7.5 hours prior to the time that the wheel was unlocked ( Fig. 1A) .
Both Vipr2 -/and VIP -/mice showed a very rapid response to SVE. Within 4 days of SVE, all Vipr2 -/animals (n = 20) had synchronized the majority of their drinking activity to the opportunity for running-wheel exercise, showing high levels of locomotor and drinking activity during the times of wheel availability (Fig. 1C  and 1D ). The period of drinking activity remained at approximately 24 hours for the duration of the SVE regimen (Table 1) , with the onset of drinking occurring approximately 0.5 hours prior to the unlocking of the wheel. VIP -/mice (n = 6) had synchronized after 6 days of SVE and maintained this approximately 24-hour rhythm for the remainder of the SVE regimen ( Fig. 1B and Table 1) . VIP -/mice exhibited a small positive phase angle (~0.2 hours) to the unlocking of the wheel.
To determine if the effects of 21-26d SVE persisted beyond the termination of the zeitgeber regimen, mice of each genotype were allowed to freely exercise in constant dark (DD2) following the cessation of SVE. In DD2, all 18 WT mice were behaviorally rhythmic with the onset of wheel running coincident with the onset of the drinking rhythms seen under SVE; approximately 7.5 hours advanced of wheel availability ( Fig. 1A and Table 1 ). The period and strength of WT wheel-running rhythms in DD2 were significantly reduced from DD1 for this cohort of WT mice (p < 0.05), while alpha was unchanged.
By contrast, on release into DD2, the onset of locomotor activity in all Vipr2 -/animals (n = 20) freeran from the time that the wheel had been unlocked under the previous SVE schedule with the onsets of locomotor activity in phase with the onset of drinking activity under SVE ( Fig. 1C  and 1D ). The proportion of rhythmic Vipr2 -/mice was significantly higher in DD2 than DD1 (90% v. 55%; p < 0.05) (Table 1) . Notably, 7 21-26d SVE-Vipr2 -/animals previously arrhythmic in DD1 became rhythmic in DD2 (Fig. 1D ), and no mice previously rhythmic in DD1 became arrhythmic. The rhythmic individuals exhibited a significantly longer period (~23.5 hours; p < 0.001) in DD2, while rhythm strength was maintained at a similar level to DD1. Alpha was significantly shortened to the duration of the 6-hour "exercise phase" (p < 0.001). These near 24-hour post-SVE rhythms in Vipr2 -/mice were sustained for up to 35 days (the maximum duration of DD2 free running) ( Fig. 1C and 1D) . Surprisingly, VIP -/mice, which had shown similar behavioral responses to 21 days of SVE as Vipr2 -/mice, all (n = 6) became arrhythmic when allowed to freely exercise in DD2 (v. 3/6 of this cohort of VIP -/mice rhythmic in DD1) ( Fig. 1B and Table 1 ).
Entrainment to 50 Days of SVE
To determine if prolonged SVE would more markedly influence mouse behavioral rhythms, cohorts of all 3 genotypes were maintained under SVE for 50 consecutive days ( 50d SVE; WT n = 9; Vipr2 -/n = 9; VIP -/n = 6). The parameters of behavioral rhythms for 50d SVE mice under LD and DD1 were included in the initial LD and DD1 analyses presented earlier, and their specific parameters are shown in Table 2 . With increasing time under the SVE regimen, the period of drinking activity of WT mice continued to lengthen ( Figs. 2A and 4A) , and by 50 days, all 9 WT mice expressed an approximately 24-hour rhythm (mean latency to synchronization, ~39 days) (Figs. 2A and 4B and Table 2 ). The onset of drinking activity stably synchronized to SVE at approximately 10 hours in advance of the time of day that the wheel was unlocked ( Figs. 2A and 4C and Table 2 ).
Both 50d SVE-Vipr2 -/and 50d SVE-VIP -/mice synchronized significantly more quickly than 50d SVE-WT mice (p < 0.001) and maintained their synchronized approximately 24-hour rhythm in drinking activity for the duration of the 50-day SVE experiment ( Fig. 4A and 4B) . Alpha duration at days 40 to 50 of SVE for Vipr2 -/and VIP -/mice was significantly shorter than for WT mice at this time (p < 0.001). During 50d SVE, as for 21-26d SVE, both genotypes expressed a small positive phase angle (~0.7-0.9 hours), suggesting anticipation of imminent "exercise phases."
On release into DD2, the onset of daily locomotor activity of 50d SVE-WT mice continued from the onset of drinking activity seen under SVE conditions (~10 hours advanced of the opportunity to exercise) ( Fig. 2A) . In comparison to DD1, the mean free-running locomotor period in DD2 significantly lengthened toward 24 hours (p < 0.05), while the strength of the rhythms significantly weakened (p < 0.01); alpha was unchanged. The DD2 period of 50d SVE-WT mice was significantly longer than the DD2 period of 21-26d SVE-WT mice (p < 0.05). Hence, increasing the duration of SVE to 50 days allowed complete synchronization of WT behavioral rhythms to the zeitgeber, resulting in stable entrainment with a large positive phase angle and a significant lengthening of free-running period post-SVE.
When given the opportunity to freely exercise in DD2, 6 of 9 50d SVE-Vipr2 -/mice were rhythmic (e.g., Fig. 2C ; v. 5 of 9 in DD1; Table 2 ); one individual previously arrhythmic in DD1 had become rhythmic in DD2 (Fig. 2D) . The onset of locomotor activity of all rhythmic 50d SVE-Vipr2 -/mice commenced in phase with the onset of drinking activity under SVE conditions ( Fig. 2C and 2D) . The mean period of rhythmic 50d SVE-Vipr2 -/mice in DD2 was significantly longer than for 50d SVE-Vipr2 -/mice in DD1 (p < 0.001) and was significantly longer than for rhythmic 21-26d SVE-Vipr2 -/mice in DD2 (p < 0.05), revealing a dose dependency of the effect of SVE on the free-running period of Vipr2 -/mice. Notably, following 50d SVE, interindividual variation in free-running period was markedly reduced (Fig. 3H ; also see error bars in Fig. 3A and 3D and Table 2 SEM value of 50d SVE-Vipr2 -/mice at DD2 compared to DD1 and to 21-26d SVE-Vipr2 -/mice at DD2). The strength of locomotor rhythms of 50d SVE-Vipr2 -/mice was similar between DD1 and 
Wheel-Running Intensity
We found no evidence to suggest that difference in wheel-running intensity during SVE accounts for the differences in s y n c h r o n i z a t i o n / entrainment observed between genotypes (Suppl. Fig. S1 ).
Mock Wheel Locking
Because manual locking and unlocking of the running wheel exposed mice to twicedaily visits by an experimenter, we evaluated whether this potential zeitgeber influenced wheelrunning and drinking rhythms in WT and Vipr2 -/mice (n = 5 and n = 6, respectively). The general experimental protocol used above was repeated such that the animals' behavioral rhythms were assessed under LD and DD1; then, for 50 consecutive days, the wheels were "mock-locked" ( 50d ML) by transiently placing and immediately removing the locking bar, without restricting movement of the running wheel, twice a day, at times corresponding to the unlock and lock of the SVE protocol. In LD and DD1, the parameters of the behavioral rhythms of this cohort of WT and Vipr2 -/mice were similar to those described above (Fig. 5 ). Under 50 days of mocklocking, no 50d ML-WT or 50d ML-Vipr2 -/mice showed any significant alterations in alpha or any evidence of entrainment (i.e., no period change toward 24 hours) ( Fig. 5 ). Rhythm strength of both 50d ML-WT and 50d ML-Vipr2 -/mice was significantly lower in DD2 than DD1 (p < 0.01 and p < 0.05, respectively).
c-Fos Expression in the SCN Following SVE
c-Fos expression can be used as a marker of neuronal activation and in the SCN of intact nocturnal Figure 3. Histograms of period, rhythm strength, and alpha duration prior to (DD1, black) DD1 levels (B and  E) . The duration of alpha is unaffected by SVE in WT mice but in Vipr2 -/mice reduces following SVE to a duration close to that imposed by the daily SVE zeitgeber (C and F). Panels G to I display the wheelrunning period of individual animals before (DD1) and after (DD2) 50d SVE. Following 50d SVE, interindividual variation in period length is markedly reduced in Vipr2 -/mice (H). As few VIP -/mice remained rhythmic following SVE, mean data for these animals at DD2 have been excluded from the histograms in this figure. *p < 0.05. **p < 0.01. ****p < 0.001. DD2 ( Fig. 3E and Table 2 ), demonstrating that, consistent with 21-26d SVE (Fig. 3B) , 50 days of SVE stabilizes Vipr2 -/locomotor rhythms. Alpha duration of 50d SVE-Vipr2 -/mice was significantly reduced in DD2 versus DD1 (p < 0.001) ( Fig. 3F and Table 2 ).
and following (DD2, white) 21-26d SVE (A-C) and 50d SVE (D-F). Following SVE, the period of Vipr2 -/mice increases to near 24 hours (A and D). Despite SVE, rhythm strength (%V) of WT mice weakens over time (DD1 to DD2), whereas SVE stabilizes the DD2 rhythm strength of Vipr2 -/individuals at
Fifty days of SVE did not significantly alter or improve the parameters of free-running rhythms in VIP -/mice, nor did it increase the proportion of behaviorally rhythmic mice; indeed, only 2 50d SVE-VIP -/individuals were rhythmic in DD2 versus 4 of 6 in DD1 (Figs. 2B and 3I and Table 2 ). These rhythmic individuals expressed weak, short period (22.50 and 23.33 hours, respectively), short alpha (~6.7 hours) rhythms in DD2 and free-ran in phase with prior drinking activity from the time of day that the wheel had been unlocked under the SVE schedule. The remaining 50d SVE-VIP -/mice (n = 4) were behaviorally arrhythmic in DD2, including 3 individuals previously rhythmic in DD1 (Fig. 2B) , indicating that, conversely to Vipr2 -/mice, SVE appears not to improve and stabilize VIP -/behavioral rhythms. rodents; it is at high levels during the subjective day and low during the subjective night. WT and Vipr2 -/mice rhythmic in DD2 following 21-26d SVE or 50d SVE were examined for c-Fos expression in the SCN. The SCN of WT mice expressed significantly higher levels of c-Fos immunoreactivity (-ir) at CT6 than at CT18 (p < 0.05) (Suppl. Fig. S2 ), whereas very low levels of c-Fos-ir were seen in the SCN of rhythmic Vipr2 -/mice at both of these time points (p > 0.05) (Suppl. Fig. S2 ). Because c-Fos-ir in the SCN of behaviorally arrhythmic Vipr2 -/mice is also very low (Suppl. Fig. S2 and Hughes et al., 2004) , this indicates that the rhythmpromoting actions of SVE on Vipr2 -/behavior are not accompanied by overt alterations in SCN c-Fos-ir.
DISCUSSION
These results reveal a new restorative action of SVE on circadian rhythms in mice with impaired SCN function. Intriguingly, while these rhythm-promoting actions were readily observed in Vipr2 -/mice, the exercise regimen did not consistently improve rhythms in VIP -/mice. Such differences were not observed for synchronization of behavior during SVE; less than a
week of SVE appears to synchronize the activity rhythms of Vipr2 -/and VIP -/mice, while synchronization of WT mice requires prolonged exposure to this zeitgeber (~39 consecutive days). These findings indicate that in mice with a fully functional SCN, scheduled voluntary wheel running is a weak, yet effective, zeitgeber, while in transgenic animals in which SCN function has been compromised, it is a strong zeitgeber. Because exposure to "mocklocking" of the wheel failed to synchronize Vipr2 -/or WT mice, this confirms that the SVE itself was principally responsible for synchronization of rhythms. Vipr2 -/mice exposed to a variety of light-dark regimens (12-hour light:12-hour dark, 12-hour light:12-hour dim red, or 1-hour light:23-hour dark) show apparent entrainment, but when released into DD, they do not sustain near 24-hour rhythms in behavior (Harmar et al., 2002; Colwell et al., 2003; Hughes et al., 2004; Aton et al., 2005; Brown et al., 2005; . Therefore, unlike LD cycles, SVE can overcome neurochemical impairments of the circadian system and restore some degree of circadian control over behavior.
Although VIP -/and Vipr2 -/mice exhibit broadly similar behavioral phenotypes, such as poor synchronization to the LD cycle as well as arrhythmia or short free-running period in DD (Colwell et al., 2003; Hughes et al., 2004; Aton et al., 2005; , we observed that VIP -/animals appeared less behaviorally stable than their Vipr2 -/counterparts. Indeed, these weaker rhythms under initial DD housing persisted following SVE and in some individuals were exacerbated by it; while all VIP -/mice were rhythmic during SVE, on release into DD2, the behavioral rhythms of most VIP -/animals immediately deteriorated and became arrhythmic. This is consistent with a recent study reporting VIP -/- mice to have more disrupted behavioral rhythms than initially reported (Ciarleglio et al., 2009 ) and indicates that VIP -/animals require continuous recurrent input from stimuli such as the LD cycle or SVE in order to exhibit robust rhythmicity. Because the in vitro SCN neuronal rhythms from adult VIP -/mice tend to be more robust than those from adult Vipr2 -/mice (Brown et al., 2005 (Brown et al., , 2007 , this suggests that either SCN control of behavior is more greatly impaired in VIP -/mice or that the absence of VIP elsewhere in the brain and body of these mice is detrimental to the expression of free-running behavioral rhythms. Exposure of nocturnal rodents to light suppresses locomotor activity (negative masking), while exposure to dark promotes locomotor activity (positive masking), and these masking actions of light may not depend on the SCN (Aschoff et al., 1982; Gander and Lewis, 1983; Gander and Moore-Ede, 1983; Mrosovsky, 1999;  but also see Morin and Studholme, 2009 ). Because on release from LD into DD1, many VIP -/and Vipr2 -/animals show large phase advances in activity onset or fail to sustain behavioral rhythms, it is tempting to attribute the manifestation of LD behavioral rhythms solely to these masking effects of light. Under SVE, daily drinking activity in all VIP -/and Vipr2 -/animals also appears rhythmic, but because some of these become arrhythmic immediately after SVE, this demonstrates that scheduled exercise itself has masking effects. Therefore, the manifestation of rhythms in these mice under SVE is probably initially attributable to masking, with some animals becoming entrained through prolonged exposure to the exercise zeitgeber.
Consistent with earlier reports (Edgar and Dement, 1991; Reebs and St-Coeur, 1994; Marchant and Mistlberger, 1996; Dallmann and Mrosovsky, 2006; Dallmann et al., 2007) , the behavioral rhythms of WT animals showed overt evidence of synchronization to SVE only when the opportunity for SVE occurred during the late subjective night (Figs. 1A and 2A) . This establishes that in SCN intact mice, it is the late subjective night that is most readily reset by voluntary exercise (but see Dallmann et al. [2007] for the effects of an SVE zeitgeber with a period of less than tau). Because Vipr2 -/mice show a range of clock gene and metabolic alterations and respond quickly to SVE without any clear phase of responsiveness, it is possible that the circadian phenotype of these mice arises from both impairments in SCN activity and from more global alterations in neural and physiological functions (Bechtold et al., 2008; Harmar et al., 2002; Hughes et al., 2004 see Piggins and Vosko et al., 2007 for review) .
It is notable that the resetting actions of SVE are temporally different to those of scheduled food intake used to induce the food-entrainable circadian oscillator (FEO). In WT nocturnal rodents, restricting daily meals to the day time evokes food-anticipatory activity (FAA) during this normally behaviorally quiescent phase of the 24-hour cycle (Stephan, 2002) . This is different to SVE in a running wheel, for which it is the late night that appears most responsive to its entraining actions (Dallmann et al., 2007 and see above) . The VPAC 2 receptor is not an essential component of the FEO as Vipr2 -/mice under day-time food restriction readily show FAA (Sheward et al., 2007) . However, with the cessation of food restriction, Vipr2 -/mice free-run with a period noticeably longer than 24 hours (Sheward et al., 2007) , which is considerably different to the approximately 24-hour rhythms observed here following SVE. Another key difference between the effects of food restriction and SVE is the duration for which free-running rhythms are expressed following cessation of the respective zeitgebers. Typically, the rhythmic FAA evoked by food restriction persists for 2 to 4 days before deteriorating, while following SVE, we have observed sustained near 24-hour rhythms in Vipr2 -/mice for up to 30 days. Therefore, there are some clear differences in the way in which the circadian system responds to food restriction and scheduled exercise.
Exercise also has well-documented socalled "aftereffects" on the period of freerunning locomotor rhythms of intact WT rats and hamsters (Pittendrigh and Daan, 1976; Edgar and Dement, 1991; Reebs and St-Coeur, 1994; Marchant and Mistlberger, 1996) . Here, we observed that WT mice showed very small aftereffects to exercise, whereas Vipr2 -/mice showed robust, long-lasting changes to the period of their freerunning rhythm. The magnitude of this change in period increased with the number of weeks of SVE, indicating experiencerelated influences on aftereffects.
The neural substrates underpinning sustained rhythmicity in Vipr2 -/mice are unknown. Because many Vipr2 -/mice sustain rhythms after SVE while very few VIP -/mice do, VIP signaling via other non-VPAC 2 receptor-based mechanisms may be necessary for the expression of robust behavioral rhythmicity. Current evidence suggests that other classes of VIP receptors are also present in the rodent SCN (Reed et al., 2001 (Reed et al., , 2002 , and hence, it could be that VIP acts via these to regulate behavioral rhythmicity and SCN function. Alternatively, because the SCN of Vipr2 -/mice which express behavioral rhythms post-SVE do not appear to have a typical WT-like profile of c-Fos expression (Suppl. Fig. S2 ), this raises the possibility that extra-SCN brain areas or tissues are driving circadian rhythms post-SVE.
In summary, the present study establishes that SVE rapidly reorganizes behavioral rhythms in mice with impaired circadian function. In Vipr2 -/but not VIP -/mice, robust behavioral rhythms persist following cessation of the exercise schedule, and these restorative actions of exercise can be sustained for weeks. However, these changes are not accompanied by WT-like expression profiles of c-Fos in the SCN of these mice, indicating that the manifestation of WT-like rhythms can occur with diminutions in c-Fos activity. Because the neural circadian system is extensive and distributed (Abe et al., 2002; Guilding and Piggins, 2007; Guilding et al., 2009) , it will then be important in future studies to determine if and how clock gene expression in the SCN and elsewhere are influenced by SVE. These results support the idea that scheduled exercise may be an important noninvasive tool to improve disturbances in the circadian timing of behavioral and physiological functions (Fullick et al., 2009; Shub et al., 2009 ).
